Abstract -Scientific observations on flame structure date back to Faraday in the nineteenth century and perhaps even as early as Roger Bacon in the thirteenth century. However, quantitative studies of the structure of premixed laminar flames are more recent. The rigorous formulation of flame theory and experimental methods for quantitative measurements were first developed in the 1950's. This has been an active area of research since that time. The relative strengths of various experimental techniques and data acquisition and reduction methods will be discussed and a brief summary of the information available in the literature will be given.
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Quantitative studies of flame microstructure are a recent innovation. It is the product of analytical tools: mass spectrometers, gas chromotography, and lasers with the support of modern electronics and computers. Flame structure has an extensive literature. This is the third International Symposium on the subject. Four books [7-101 have been devoted to Flame Structure, and a fifth has been completed but is not yet published [ 2 ] .
As you are aware, flames are strongly exothermic reactions with the ability to propagate through space. This results from the strong interaction between chemical reaction and the molecular transport processes of diffusion and thermal conduction. Flames are examples of systems with strong positive feedback. Reaction raises the temperature and induces temperature and concentration gradients. These gradients induce fluxes of heat and reactive species into the unburned gasses through transport processes. This speeds reaction. The faster the reaction, the steeper the gradients, and the steeper the gradients, the higher the transport fluxes speeding the reaction. This feedback loop is opposed by flame propagation or by gas flow if a burner is used to hold the flame stationary. Analysis shows that the system is highly overdetermined and a s a result there is a unique propagation velocity .
II EXPERIMENTAL METHODS AND ANALYSIS
A variety of techniques have been applied to flame studies as can be seen in this symposium. profiles as a function of distance through the flame front (Fig. 2) . have been the subject of several reviews [ll-131. Two general methods are employed: one is physical probes; the second is optical probes. Physical probes disturb the flame. In compensation they allow great flexibility in analytical methods and are cheap relative to laser systems.
Optical probes when used rationally are non-perturbing; however, it should be borne in mind that improperly used lasers are strong enough to cause local electrical breaknown, and laser-induced reactions could affect results.
Specification of a flame requires temperature, gas velocity and composition Experimental methods
A Optical probes
Optical probes are available which can measure all of the properties of interest in flames. Although in principle any light source might be used, the convenience and power of lasers have made them the usual choice.
Complete analysis requires several complementary techniques to accommodate the wide range of concentrations and species types found in flames. This can be inconvenient since either several lasers are required or a single laser must be utilized in several set ups. For many species the wave lengths required may lie in the ultra violet region which is difficult for lasers. This problem can be avoided by using multiphoton absorption techniques [ a -m r a t u r e velocity and duninant processes i n the various There are two general sampling techniques: microprobe and molecular beam sampling. In the former, a sample is removed, and any suitable analytical technique can be employed; in the latter, the usual detector is a mass spectrometer. In microprobe sampling, the radicals recombine and quenching can become a problem. These problems can be resolved by using the scavenger probe technique [23] . 2 ) . &an the data of Westenberg and Fristran [50] with the addition of thexnal diffusion.
energy carried by conduction and diffusion is generally larger than thdt carried by convection; the same is the case for species concentration. Because of diffusion, the fractional flux of a species can differ widely from the concentration (Figs. 4,s) and may even be negative. The consequence of this is that quantitative interpretation of flame structure data requires not only knowledge of local temperature, concentration and gas velocity, but also a knowledge of the local gradients of temperature and concentration and the multicomponent transport coefficients of the species involved. Since rates are derived from the spatial derivative of the fluxes, it can be seen that deriving rates of species reaction and heat release requires a quantitative knowledge of concentration, temperature, velocity and their first and second derivative. Because of dependence on derivatives, the quality of data depends strongly on precision and the knowledge of the transport coefficients. Manual data reduction is laborious and several programs have been written to reduce ,his task [ 2 5 ] . General experience is that even the best of data requires smoothing.
Computerized interpretation of data is driven by the exponential expansion of computer capacities. One word of caution: although computer capacities are enormous and easily available, the programming required for these systems is far from trivial, so that one is well advised to make use of as much available software as is feasible. Packages such as the "Chemkin" [ l a ] family are very useful.
Once net rates of species production are available (Fig. 5 ) , it is possible to interpret the information in terms of elementary reaction processes, but this requires selection of a chemical mechanism. Except for the simplest flame systems, this is a somewhat arbitrary process. Two approaches are feasible: the analytic one of testing mechanisms for each species, and the global one of modeling with sensitivity analysis [ 2 6 ] .
Flame structure data provide the tools to investigate the mechanism of reaction of individual species.
It should be remembered that a single profile does not provide sufficient information to unambiguously derive kinetic constants unless a functional form and mechanism is assumed [9] . For this reason it is usually desirable to study a variety of flame conditions. In many cases, so many reactions are involved that an unambiguous choice of mechanism may not be possible.
In modeling, kinetic and transport coefficients are taken from the literature, a mechanism is assumed, and the flame equations are solved to yield the burning velocity and the temperature and composition profiles. The modeling procedure is considered by others in this symposium. Modeling provides an excellent test of the validity of a chemical model but so many parameters are involved that it becomes a clumsy tool for evaluating the quality of flame structure data.
These are then compared with the experimental data.
Eventually more sophisticated approaches Will combine the versatility of the analytic approach with the power of the modeling approach. (Fig.  2) . The existence of a transport zone implies that reaction does not occur below some critical temperature, ries [29, 30] . It should be observed that the lack of reaction results from a paucity of radicals, not the temperature dependence of reaction, as originally thought, and indeed in hydrogen flames reaction due to H atom recombination can be detected at the hot boundary [28] . and fuel attack, followed by a slow three-body recombination zone, is an artifact of the pressure regime in which we normally study. If the pressure is high enough, one may expect to find the two zones merged.
IV RESULTS
Quantitative
This approximation was recognized early and is useful in flame theo-
The separation of a narrow primary bimolecular reaction zone of radical generation Burning Velocity and "Flame Thickness" -If flame thickness is taken to be that of the primary bimolecular zone which in turn controls flame gradients, one might expect a linear relation between burning velocity and flame thickness, and this has been observed and commented on [2,9]. for reaction. If this relation is extrapolated to the limit of sonic velocity, the intercept occurs near the flame thickness which allows only a single collision. lishes a rough relation between reaction probability and burning velocity.
Flame thickness and velocity control the number of collisions available
This estabDiffusion Velocities in Flames -Because of the steep concentration and temperature gradients in flames, diffusion and thermal diffusion are significant. can be much larger than the convective velocity (Figs. 4,6,) and are generally larger than COI responding thermal diffusion velocities (Fig. 7) .
Diffusion velocities
Lewis Number Approximation -Klein [31] showed that if a flame product or reactant had a Lewis number of unity and its appearance (or disappearance) is linearly connected to the heat release, its concentration profile will be linear in the T-X plane. This is a reasonable approximation for many species in common flames (Fig. 8) .
Energy Transport in Flames -There are three modes of energy transport in flames: (1) (Fig. 9) , one can see that most elements and many of their compounds, particularly hydrides, can be burned by oxygen under suitable conditions. The exceptions are: the halogen elements, the inert gasses, and a few noble and transition metals which have thermally unstable oxides. Even some of these, such as palladium, can be burned as powders, even though when heated to the **ACTINIDES . * 
COMBUSTION BEHAVIOR OFTHE ELEMENTS
V SUMMARY OF STATUS AND FUTURE PROSPECTS
The study of flame structure has become a well-established discipline with a wellstocked arsenal of experimental methods. directions might be. Extending flame structure measurements and analyses to two-and three-dimensional SYStems and time-dependent flame should be feasible, offering more realistic models for practical systems. allowing systematic studies of flames by reducing the effort required to obtaiin data. This would allow the routine accumulation of useful information.
This would be facilitated by the automation of experiments and analyses
